Penguins and seals transport limiting nutrients between offshore pelagic and coastal regions of Antarctica under changing sea ice by Wing, Stephen R. et al.
Boston University
OpenBU http://open.bu.edu
College of General Studies BU Open Access Articles
2020-11-04
Penguins and seals transport
limiting nutrients between offshore
pelagic and coastal regions...
This work was made openly accessible by BU Faculty. Please share how this access benefits you.
Your story matters.
Version Accepted manuscript
Citation (published version): Stephen R Wing, Lucy C Wing, Sorrel A O’Connell-Milne, David Barr,
Dale Stokes, Sal Genovese, James J Leichter. "Penguins and Seals
Transport Limiting Nutrients Between Offshore Pelagic and Coastal




Running Head: Antarctic biological nutrient vectors 1 
 2 
Penguins and seals transport limiting nutrients between offshore pelagic and coastal regions 3 
of Antarctica under changing sea ice 4 
 5 
Stephen R. Wing1,*, Lucy C. Wing1, Sorrel A. O’Connell-Milne1, David Barr2,3, Dale 6 
Stokes4, Sal Genovese5 and James J. Leichter4 7 
1Department of Marine Science, 2Department of Chemistry, 3Centre for Trace Element 8 
Analysis, University of Otago, PO Box 56, Dunedin, New Zealand 9054 9 
4Scripps Institution of Oceanography, University of California at San Diego, 9500 Gilman 10 
Drive, La Jolla, California, USA 92093-0227 11 
5Division of Natural Sciences & Mathematics, College of General Studies, Boston 12 
University, 871 Commonwealth Avenue, Boston, Massachusetts, USA  02215 13 
* corresponding author steve.wing@otago.ac.nz (+64 212799038) 14 
 15 
Manuscript Highlights:  16 
1) Concentrations of limiting nutrients in penguin guano and seal scat depend on prey type 17 
2) Changes in sea ice influence the type of prey upon which both penguins and seals feed 18 
3) The role of penguins and seals as biological nutrient vectors is sensitive to climate change 19 
 20 
Author Contributions: The authors each contributed substantially to the study’s conception, 21 
data analysis and manuscript preparation. SAO and DB were responsible for preparation of 22 
field samples and analysis of trace metal and stable isotope data. LCW, DS, SG, JJL collected 23 
samples and contributed to analysis of data. SRW was involved in each aspect of the study 24 





Large animals such as sea birds and marine mammals can transport limiting nutrients 29 
between different regions of the ocean thereby stimulating and enhancing productivity.  In 30 
Antarctica this process is influenced by formation and breakup of sea ice and its influence on 31 
the feeding behaviour of predators and their prey.  We used analyses of bioactive metals (e.g. 32 
Fe, Co, Mn), macronutrients (e.g. N) and stable isotopes (13C and 15N) in the excreta of 33 
Adélie (Pygoscelis adeliae) and emperor penguins (Aptenodytes forsteri) as well as Weddell 34 
seals (Leptonychotes weddellii) from multiple sites, among multiple years (2012-2014) to 35 
resolve how changes in sea ice dynamics, as indicated by MODIS satellite images, were 36 
coincident with prey switching and likely changes in nutrient fluxes between the offshore 37 
pelagic and coastal zones.  We also sampled excreta of the south polar skua (Stercorarius 38 
maccormicki), which preys on penguins and scavenges the remains of both penguins and 39 
seals.  We found strong coincidence of isotopic evidence for prey switching, between 40 
euphausiids (Euphausia superba and E. crystallorophias) and pelagic/cryopelagic fishes (e.g. 41 
Pleuragramma antarcticum) in penguins, and between pelagic/cryopelagic fishes and 42 
Antarctic toothfish (Dissostichus mawsoni) in Weddell seals, with changes in sea ice cover 43 
among years.  Further, prey switching was strongly linked to changes in the concentrations of 44 
nutrients (Fe and N) deposited in coastal environments by both penguins and seals.  Our 45 
findings have important implications for understanding how the roles of large animals in 46 
supporting coastal productivity may shift with environmental conditions in polar ecosystems. 47 
 48 
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Biological recycling and redistribution of nutrients and organic matter by organisms 54 
underpin vital ecosystem processes that link food webs with the spatial flow of materials 55 
across landscapes (Polis and others 1997; Loreau and others 2003; Loreau and Holt 2004).  56 
Recent examples of the role of large animals as nutrient vectors have highlighted key 57 
structural mechanisms for connectivity of ecological networks in marine ecosystems leading 58 
to the support of system productivity (Michelutti and others 2009; Lavery and others 2010; 59 
Nicol and others 2010; Wing and others 2014; Graham and others 2018; Ratnarajah and 60 
others 2018).  Yet these processes, and their sensitivity to environmental change are not fully 61 
understood (Nicol and others 2010; Maldonado and others 2016; Wing and others 2017a).  In 62 
extreme environments, such as Antarctica, maintenance of biodiversity often critically relies 63 
on spatial subsidies of nutrients and organic matter and the resulting connectivity among 64 
disparate communities across extreme environmental gradients (Cherel and others 2011; 65 
Thrush and Cummings 2011; Wing and others 2012, 2018).  Additionally, the role of large 66 
animals in maintaining ecosystem function in the Antarctic sea ice ecosystem is likely 67 
sensitive to the effects of climate change on sea ice dynamics (Ainley and others 1998; Sun 68 
and others 2013; McMullin and others 2017a; b).  Primary productivity of waters in this 69 
region can be limited by availability of iron and other co-factors (Fitzwater and others 2000; 70 
Shatova and others 2016, 2017).  Productivity in the resulting high-nitrate low-chlorophyll 71 
conditions is enhanced following releases of iron and other bioactive metals such as Co and 72 
Mn during sea ice breakup events (Sedwick and DiTullio 1997; Sedwick and others 2000) 73 
but is also likely stimulated by the activity of biological vectors that redistribute bioavailable 74 
iron among regions (Nicol and others 2010; Schmidt and others 2016; Wing and others 75 
2017a; Ratnarajah and others 2018).  The relatively intact marine ecosystem in Antarctica 76 
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supporting abundant large animals provides a unique opportunity for the study of biological 77 
vectors in the context of environmental change. 78 
The segregation of isotopes as carbon and nitrogen are transferred through food webs 79 
implies that natural abundances of stable isotopes can be used as tracers for nutrients and 80 
organic matter in natural systems (Emslie and Patterson 2007; Wing and others 2012; Fry 81 
2006).  When complemented with high resolution analysis of concentrations of key bioactive 82 
trace metals (e.g. Mn, Fe, Co, Cu, Zn), these data can provide unprecedented resolution for 83 
the examination of material fluxes in ecological systems and ecosystem connectivity (Nie and 84 
others 2012; Huang and others 2014; Goutte and others 2015; Wing and others 2020).  The 85 
present study combined these technical developments with the unique scientific opportunities 86 
in the Antarctic sea ice ecosystem to investigate mechanisms for material fluxes as 87 
quantitative measures of system functions.  88 
The approach was divided into three distinct objectives. The first was to identify isotopic 89 
discriminators of basal organic matter sources, and common prey species of Adélie penguins 90 
(Pygoscelis adeliae), emperor penguins (Aptenodytes forsteri) and Weddell seals 91 
(Leptonychotes weddellii) from sea ice and offshore pelagic habitats (Norkko and others 92 
2007; Wing and others 2018).  The second objective was to resolve links between common 93 
prey species (euphausiids and fish) using different organic matter, and nutrient (Fe and N) 94 
source pools with those expressed in the excreta of Adélie penguins, emperor penguins and 95 
Weddell seals.  In addition we sampled excreta of the south polar skua (Stercorarius 96 
maccormicki) which frequently scavenges on the remains of penguins and seals as a high 97 
trophic level reference.  The third objective was to resolve how these linkages changed 98 
during different sea ice conditions encountered during the three years of the field study.  99 
Emphasis was placed on identifying consequences of changes in abundance of specific prey 100 
and prey switching for supply of key nutrients (Fe and N) to higher trophic levels (e.g. 101 
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penguins and seals) and further how these changes were coincident with changes in sea ice 102 
extent (Ainley and others 2006, 2010; Kooyman and Ponganis 2017).  By complementing 103 
data on natural abundance of bioactive trace metals with evidence from 13C and 15N on 104 
prey switching under different sea ice conditions we were able to resolve links between large 105 
vertebrates and nutrient source pools in the system.  These data provided the basis for 106 
understanding the spatial patterns of animal mediated nutrient fluxes in the Antarctic coastal 107 
ecosystem (Ainley and others 1998; Sun and others 2013; Huang and others 2014), and how 108 
these may have been modified by changes in foraging behaviour of penguins and seals 109 
coincident with changes in sea ice dynamics (Dugger and others 2014; Lyver and others 110 
2014).                                                                                                       111 
The results of the present study help inform two timely themes in ecology in the context of 112 
the Antarctic sea ice ecosystem: the role of large animals in maintaining productivity (Roman 113 
and McCarthy 2010; Lavery and others 2014; Shatova and others 2017), and consequences of 114 
climate change for ecosystem function (Clarke and others 2007; Doney and others 2012).  115 
Both have significant and far-reaching implications for understanding the processes that 116 
maintain biodiversity in the Antarctic ecosystem, biological consequences of climate change, 117 
and systems-based management of biodiversity under a changing climate (IPCC 2019). 118 
MATERIALS AND METHODS 119 
Study sites and sea ice cover 120 
The three study sites (Scott Base pressure ridges; 77˚ 50’ 49.81” S, 166˚ 46’ 36.55” E; 121 
Cape Royds; 77˚ 33’ 15.99” S, 166˚ 09’ 49.93” E and Cape Bird; 77˚ 15’ 19.03” S, 166˚ 25’ 122 
28.46” E) were distributed along the sea ice persistence gradient in McMurdo Sound (e.g. 123 
Wing et al. 2018).  The sea ice is typically more persistent at the inner sites of McMurdo 124 
Sound (e.g. Scott Base), while sea ice cover is much more ephemeral at the outer sites with 125 
sea ice breaking out as early as September-October in the Antarctic spring (e.g. Cape Royds 126 
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and Cape Bird).  MODIS satellite images of the west Ross ice-shelf were obtained for the 127 
dates of sampling for all three years from the National Snow and Ice Data Center, Boulder, 128 
Co. (nsidc.org/data/iceshelves_images/index_modis.html) for Oct 28th during the 2012 and 129 
2013 sea ice seasons and for Oct 27th for the 2014 sea ice season.  Additionally images were 130 
examined for one week prior and one week post sampling (2012 (4 images), 2013 (3 images), 131 
2014 (5 images) to examine how representative the single images from Oct 27-28 were of sea 132 
ice conditions.  For each image an overlay image provided precise positions of each of the 133 
three study sites.  Image thresholding was used to identify regions of sea ice cover during the 134 
three seasons using ImageJ (Version 1.52a) (Schneider and others 2012).  Percentage of sea 135 
ice cover was then calculated for each of the images based on the distribution of pixels above 136 
and below the threshold values. 137 
Sample collections 138 
Samples of fresh Adélie penguin guano, ornithogenic soil and guano leachate were 139 
collected from inside the north Adélie penguin colony at Cape Bird during Oct 2012 and 140 
2014.  Samples of fresh Adélie penguin and emperor penguin guano were collected from 141 
Cape Royds and vicinity during Oct 2012, 2013 and 2014.  Samples of fresh Weddell seal 142 
scat and fresh south polar skua guano were collected from Scott Base pressure ridges and 143 
Cape Royds during Oct 2012, 2013 and 2014.  All samples were collected using trace metal 144 
clean, acid-washed sampling equipment and containers.  Samples were then stored frozen (-145 
20˚C) before being processed for chemical analysis at the University of Otago’s Centre for 146 
Trace Element Analaysis. 147 
Nutrient analysis of guano leachate 148 
Samples of leachate from the Adélie penguin colony at Cape Bird were collected (n = 7) to 149 
assess macronutrient and bioactive trace metal concentrations.  Samples were divided for the 150 
two analyses under trace metal clean conditions, the macronutrient sample was filtered with 151 
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0.45 µm and frozen at -20 ºC until analysis.  Dissolved nutrient concentrations (NH4, NOx 152 
and PO4) were determined on a La Chat QuikChem 8500 Series 2 nutrient auto-analyzer at 153 
the Portobello Marine Laboratory, University of Otago. 154 
Stable isotope analysis   155 
Samples of fresh penguin guano and seal scat were freeze-dried and ground to a fine 156 
powder using mortar and pestle.  From each sample a 1-2 mg subsample was weighed, 157 
depending on sample type, and sealed into a tin capsule for stable isotope analysis of δ13C 158 
and δ15N.  Every 8th sample was replicated as a series of internal standards in each analysis 159 
run.  Samples were analysed in the Department of Chemistry, University of Otago by 160 
combustion in an elemental analyser (Carlo Erba NA1500) to CO2 and N2.  The isotopic 161 
compositions of the sample gases were measured by a Delta Advantage isotope ratio mass 162 
spectrometer (Thermo-Finnigan, Bremen, Germany) operating in continuous flow mode.  163 
Raw delta values were normalized and reported against the international scales for carbon 164 
and nitrogen, VPDB and AIR respectively.  Normalization was made by 3-point calibration 165 
with two glutamic acid international reference materials and a laboratory EDTA (Elemental 166 
Microanalysis Ltd, UK) standard for carbon (USGS-40 = -26.2‰, USGS-41 = 37.8‰, EDTA 167 
= -38.52‰) and nitrogen (USGS-40 = -4.52‰, USGS-41 = 47.57‰, EDTA = -0.73‰).  168 
Time-based drift correction was calculated from the laboratory standard analysed at regular 169 
intervals with the samples.  Analytical precision based on the replicate analyses of the QC 170 
standard (EDTA, n=12) was 0.2‰ for 13C and 0.3‰ for 15N. 171 
Trace metal analysis 172 
Fresh samples of Adélie (n = 110) and emperor penguin guano (n = 18), south polar skua 173 
guano (n = 4), ornithogenic soil (n = 22), guano leachate (n = 7) and fresh Weddell seal scat 174 
(n = 116) were freeze dried in acid-washed HDPE vials.  Each sample was then ground into a 175 
fine powder using acid-washed HDPE rods.  0.2 g of each sample was then cold-digested 176 
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using 10 ml quartz distilled HNO3 for 1 hour in acid-washed perflouroalkaloxy CEM 177 
microwave tubes, then hot-digested in a CEM MARS6 microwave at 180 ˚C for 40 min.  178 
When cooled, digested samples were evaporated on a hot block and re-dissolved using 1 ml 179 
QD HNO3, diluted up to 25 ml using MilliQ filtered water then further diluted 10:1 using 180 
MQ.  181 
An Agilent 7500ce quadrupole ICP-MS with octopole collision cell and autosampler was 182 
used for the analysis of trace metals in guano and scat samples.  Al, Fe, Zn, As, Cd and Co 183 
were of primary interest but other elements were measured to establish matrix composition 184 
and possible interferences.  Dilutions of the sample digests and blanks in 2% v/v HNO3 were 185 
spiked offline with a cocktail of 6 reference elements to compensate for any drift or possible 186 
matrix effects.  Calibration standards were prepared by serial dilution of a SPEX CertiPrep 187 
multi-element standard (NIST traceable).  The ICP-MS was tuned according to the 188 
manufacturer’s recommendations for robust conditions to minimize interferences and 189 
instrumental drift.  Where possible multiple isotopes of the analyte elements were measured 190 
to confirm the absence of interferences.  The accuracy of this single step measurement was 191 
established with several Certified Reference Materials (DOLT-2 dogfish liver, NRC-CNRC: 192 
CRM-414 plankton, IRMM: CRM BCR-279 sea lettuce, IRMM).  The analysis of microwave 193 
assisted digestions of three biological reference materials for the elements of interest gave 194 
recoveries typically within 5% of expected values while the digestion of a mineral reference 195 
material produced recoveries within 2% of certified values. 196 
Stable isotope analysis and mass balance model for common species 197 
Published values of 13C and 15N were gleaned from the literature to calculate average 198 
isotopic values for organic matter sources (particulate organic matter, POM and sea ice 199 
microbial community, SiMCO), common prey species as well as from blood samples of 200 
Weddell seals, emperor penguins and Adélie penguins (Table 1).  Average isotopic values for 201 
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Weddell seals, emperor penguins and Adélie penguins, and diet information from the 202 
literature (Ainley and others 2003; Cherel 2008; Ainley and Siniff 2009; Jarman and others 203 
2013; Goetz and others 2017), were then used to estimate the most likely combination of prey 204 
species consumed by the three predators.   205 
Independently, we used average values of 15N for whole samples of common prey, 206 
euphausiids (Euphausia superba and Euphausia crystallorophias) and pelagic/cryopelagic 207 
fish (Pleuragramma antarcticum, Trematomus newnesi, Pagothenia borchgrevinki), in a two-208 
source mass balance model (Jack and others 2009; Jack and Wing 2011) with 15N of fresh 209 
Adélie penguin guano collected at Cape Royds and Cape Bird to resolve the likely percentage 210 
of pelagic/cryopelagic fish versus euphausiids represented in guano among the three years of 211 
sampling.  The same procedure was carried out for fresh emperor penguin guano collected in 212 
the vicinity of Cape Royds during each season.  Similarly a two-source mass balance model 213 
based on 15N was used to estimate the proportion of pelagic/cryopelagic fish versus 214 
Antarctic toothfish (Dissostichus mawsoni) represented within fresh Weddell seal scat 215 
samples collected at the Scott base pressure ridges, and at Cape Royds during each sampling 216 
season. 217 
Statistical analysis 218 
We used generalized linear models in the JMP v14 model fitting platform to test for 219 
differences in the concentrations of Fe, Co, Mn, Ni, Zn, Cu in excreta among SPECIES (4 220 
levels, fixed), SEAICE conditions (3 levels, ordinal) and SITES (3 levels, fixed).  Similarily we 221 
used generalized linear models to test for differences in 13C, 15N, percent N, percent krill in 222 
diet, based on our mass balance estimates, and concentration of Fe (mg kg-1) among SEAICE 223 
conditions (3 levels, ordinal) in fresh Adélie penguin guano collected at Cape Royds during 224 
2012, 2013 and 2014 and Cape Bird during 2012 and 2014 in a model with SITE (three levels, 225 
fixed) nested within SEAICE conditions (three levels, ordinal).  We used a generalized linear 226 
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model to test for differences in percent krill in diet, Fe (mg kg-1) and the molar ratio Fe:Al, as 227 
an indication of recycling of iron in the food web for samples of fresh emperor penguin 228 
guano among SEAICE conditions (3 levels, ordinal).  We tested for differences in 13C, 15N, 229 
Fe:Al, percent Antarctic toothfish in diet, based on our mass balance estimates, percent N and 230 
concentraion of Fe (mg kg-1) for fresh Weddell seal scat among SEAICE conditions (3 levels, 231 
ordinal) and SITES (2 levels, fixed).  Outliers in the isotopic and Fe concentration data were 232 
identified as values 1-2 orders of magnitude greater than the mean likely indicating 233 
contamination of samples so they were excluded from the analysis (Grubbs 1950). 234 
 235 
RESULTS  236 
Average values of 13C and 15N (±SE) from the literature for basal organic matter 237 
sources, common fishes, invertebrates, Adélie penguins, emperor penguins and Weddell seals 238 
provided the basis for isotopically discriminating amongst common species, or species 239 
groups, in the Ross Sea food web (Table 1, Figure 1).  Results from generalized linear models 240 
resolved differences among species, or species groups, based on 13C (F14,78 = 11.12, r2 = 241 
0.67, p < 0.0001) and 15N (F14,80= 93.54.45, r2 = 0.94, p < 0.0001) (Figure 1).   242 
Generalized linear models resolved significant differences in trace metal concentrations in 243 
the excreta of Adélie penguins, emperor penguins, Weddell seals and south polar skua 244 
collected in McMurdo Sound (Figure 2).  Concentrations of Co and Mn were highest in the 245 
excreta of south polar skua, intermediate in excreta from Weddell seals and lowest in the 246 
excreta of both Adélie and emperor penguins (Co: F5,216 = 2.60, r2 = 0.14, p = 0.026, Mn: 247 
F5,205 = 10.83, r2 = 0.09, p = 0.0001) (Figure 2a, 2b).  Similarly concentrations of Fe were 248 
highest in the excreta of south polar skua and lower in the excreta of the other three species 249 
(Fe: F5,205 = 27.54, r2 = 0.40, p = 0.024) (Figure 2a).  Concentrations of Ni were highest in the 250 
excreta of both south polar skua and Weddell seals and lower in the other two species (Ni: 251 
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F5,193 = 6.64, r2 = 0.14, p = 0.0001).  Concentrations of Zn were not significantly different in 252 
the excreta of the four species (Figure 2c), while concentrations of Cu were highest in the 253 
excreta of Adélie penguins and lower in the other three species (Cu: F4,234 = 43.54, r2 = 0.43, 254 
p = 0.0001) (Figure 2c). 255 
Analysis of the percentage of open water in MODIS satellite images from Oct 28th of  256 
2012, 2013 and Oct 27th in 2014 demonstrated large differences in the extent of fast and 257 
drifting sea ice in the study region during our collections.  These images coincided with the 258 
days when biological samples were collected and represented average sea ice conditions for 259 
the duration of the field sampling events.  For each of the time periods we analysed MODIS 260 
satellite images available for 1 week before and after sampling to confirm that the images 261 
presented provided representative conditions.  Images were thresholded so that open water 262 
appears white and sea ice appears black.  Here the image from 2012 had 5 % open water, the 263 
image from 2013 had 18 % open water and the image from 2014 had 51 % open water 264 
(Figure 3).  The non-linear decline in sea ice cover occurred during a period with increases in 265 
the Interdecadal Pacific Oscillation time series (http://cola.gmu.edu/c20c/). 266 
Values of 15N in Adélie penguin excreta collected at Cape Royds (CR) and Cape Bird 267 
(CB) were highest during periods of high (High SI) and intermediate (Med SI) sea ice cover 268 
in 2012 and 2013 and significantly lower during more open water conditions (Low SI) in 269 
2014 (15N whole model: F4,82 = 5.15, r2 = 0.20, p = 0.0009, Tukey’s post hoc tests: 270 
SITE[SEAICE]: ns , SEAICE: High SI [a], Med SI [a], Low SI [b]) (Figure 4a).  Values of 13C 271 
in Adélie penguin excreta were highest during periods of high sea ice cover, intermediate 272 
during more open water conditions and lowest during periods of intermediate sea ice cover 273 
(13C whole model: F4,82 = 30.11, r2 = 0.59, p = 0.0001, Tukey’s post hoc tests: 274 
SITE[SEAICE]: (High SI)CR [a], (Low SI)CR [b], (Low SI)CB [b], (High SI)CB [a], (Med 275 
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SI)CR [c], SEAICE: High SI [a], Med SI [b], Low SI [c]) (Figure 4b). Fe:Al in Adélie penguin 276 
excreta did not differ among sea ice conditions. 277 
Estimates from mass balance model using 15N to estimate the % krill in the diet of Adélie 278 
penguins from excreta were highest for samples collected during more open water conditions 279 
and lowest for samples collected during periods of higher sea ice cover (% krill whole model: 280 
F4,82 = 5.23, r2 = 0.20, p = 0.0008, Tukey’s post hoc tests: SITE[SEAICE]: ns , SEAICE: High SI 281 
[a], Med SI [a], Low SI [b])(Figure 5a).  Percent nitrogen in Adélie penguin excreta was 282 
lowest during more open water conditions and higher during intermediate and high sea ice 283 
cover (%N whole model: F4,84 = 10.23, r2 = 0.33, p = 0.0001, Tukey’s post hoc tests: 284 
SITE[SEAICE]: (High SI)CR [a], (Med SI)CR [ab], (High SI)CB [bc], (Low SI)CB [cd], (Low 285 
SI)CR [d], SEAICE: High SI [a], Med SI [a], Low SI [b]) (Figure 5b).  Concentrations of Fe 286 
(mg kg-1) in Adélie penguin excreta were highest during more open water conditions and 287 
lower during intermediate and high sea ice cover (Fe whole model: F4,89 = 8.44, r2 = 0.28, p = 288 
0.0001, Tukey’s post hoc tests: SITE[SEAICE]: (Low SI)CB [a], (Low SI)CR [ab], (High 289 
SI)CR [bc], (High SI)CB [c], (Med SI)CR [c], SEAICE: High SI [a], Med SI [b], Low SI [c]) 290 
(Figure 5c).   291 
Estimates from a mass balance model using 15N to estimate the % krill in the diet of 292 
emperor penguins and concentrations of Fe (mg kg-1) from excreta collected in the vicinity of 293 
Cape Royds were highest during more open water conditions, intermediate in samples during 294 
intermediate sea ice conditions and lowest in samples collected during more persistent sea ice 295 
conditions (% krill whole model : F2,12 = 4.67, r2 = 0.44, p = 0.03, Tukey’s post hoc test: 296 
SEAICE, High SI [a], Med SI [ab], Low SI [b]), (Fe whole model: F2,15 = 4.24, r2 = 0.38, p = 297 
0.04, Tukey’s post hoc test: SEAICE, High SI [a], Med SI [ab], Low SI[b]) (Figures 6a,b).  298 
Conversely, the molar ratio of Fe:Al (mol mol-1) in emperor penguin excreta was highest in 299 
samples collected during persistent sea ice conditions and lower during intermediate and 300 
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open water conditions (Fe:Al whole model: F2,15 = 4.32, r2 = 0.37, p = 0.03, Tukey’s post hoc 301 
test: SEAICE, High SI [a], Med SI [ab], Low SI[b]) (Figure 6c).    302 
Average values of 15N in Weddell seal scat from Cape Royds and the Scott Base (SB) 303 
pressure ridges were highest for samples collected during high and intermediate sea ice 304 
conditions and lowest in samples collected during more open water conditions (15N whole 305 
model: F5,51=3.08, r2 = 0.23, p =0.016, Tukey’s post hoc tests: SITE[SEAICE]: ns , SEAICE: 306 
High SI [a], Med SI [a], Low SI [b]) (Figure 7a).  Average values of 13C in Weddell seal 307 
scat were lowest for samples collected during intermediate sea ice and open water conditions 308 
and highest in samples collected during high sea ice cover (13C whole model: F5,52=3.46, r2 309 
= 0.25, p =0.009, Tukey’s post hoc tests: SITE[SEAICE]: ns , SEAICE: High SI [a], Med SI [b], 310 
Low SI [b]) (Figure 7b).  There were no differences in 15N or 13C among sites in the 311 
models. The molar ratio of Fe:Al (mol mol-1) in Weddell seal scat was highest for samples 312 
collected during open water conditions, intermediate for samples collected during 313 
intermediate sea ice conditions and lowest during high sea ice cover, with the samples 314 
collected from the Scott Base pressure ridges during more open water conditions in 315 
McMurdo Sound significantly higher than all the other samples (Fe:Al whole model: 316 
F5,53=3.74, r2 = 0.26, p =0.006, Tukey’s post hoc tests: SITE[SEAICE]: (Low SI)SB [a], (Med 317 
SI)SB [ab], (Low SI)CR [b], (Med SI)CR [ab], (High SI)SB [b], (High SI)CR [b], SEAICE: 318 
High SI [a], Med SI [ab], Low SI [b]) (Figure 7c).  319 
Estimates of % toothfish in the diet of Weddell seals from a mass balance model using 320 
15N showed highest proportion for samples collected during high sea ice cover, intermediate 321 
values during intermediate sea ice and lowest values during more open water conditions 322 
(%TF whole model: F5,52=4.09, r2 = 0.28, p =0.003, Tukey’s post hoc tests: SITE[SEAICE]: 323 
(High SI)CR [a], (Med SI)CR [ab], (High SI)SB [ab], (Low SI)CR [ab], (Med SI)SB [b], 324 
(Low SI)SB [b], SEAICE: High SI [a], Med SI [ab], Low SI [b]) (Figure 8a).  Percent nitrogen 325 
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in Weddell seal scat was highest in samples collected during more open water and 326 
intermediate sea ice conditions and lowest during high sea ice cover conditions in McMurdo 327 
Sound (%N whole model: F5,47=3.92, r2 = 0.30, p =0.005, Tukey’s post hoc tests: 328 
SITE[SEAICE]: ns, SEAICE: High SI [a], Med SI [ab], Low SI [b])(Figure 8b). Concentrations 329 
of Fe (mg kg-1) in Weddell seal scat were highest for samples collected during high and 330 
intermediate sea ice conditions.  Samples collected at Scott Base pressure ridges during 331 
intermediate sea ice conditions and at both sites during more open water conditions in 332 
McMurdo Sound were an order of magnitude lower (Fe whole model: F5,46=65.45, r2 = 0.88, 333 
p =0.0001, Tukey’s post hoc tests: SITE[SEAICE]: (Med SI)CR [a], (High SI)SB [b], (High 334 
SI)CR [c], (Low SI)CR [d], (Low SI)SB [de], (Med SI)SB [e], SEAICE: High SI [a], Med SI 335 
[b], Low SI [c]) (Figure 8c).    336 
Concentrations of macronutrients (NH4, PO4, NOx) and Fe (mg L-1) in liquid leachate 337 
collected from the Cape Bird Adélie penguin colony in Oct 2014 provided an estimate of the 338 
dissolved nutrients entering the sea through melted runoff from the accumulated guano at the 339 
colony (Figure 9).  Estimates of carbon fixation that would be supported by concentrations of 340 
each of the nutrients in absence of limitation by the others in leachate based on C:X molar 341 
ratios (e.g. Sedwick and others 2000; McGillicuddy and others 2015) indicated the important 342 
role of Fe from accumulations of guano in supporting pelagic primary production (Figure 9).  343 
Concentrations of Fe and other bioactive metals (Mn, Co, Ni, Cu, Zn) in orthithogenic soils at 344 
the Adélie penguin colony at Cape Bird provide information on the micronutrients that would 345 
be transported to the sea by dust distributed from the colony by wind (Table 3). 346 
DISCUSSION 347 
The present study provides strong inference for a link between sea ice dynamics and the 348 
transport of limiting nutrients (Fe, N) from the offshore pelagic food web into the coastal 349 
zone by biological nutrient vectors in the Ross Sea, Antarctica.  Evidence from stable 350 
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isotopic analysis of the excreta from Adélie penguins, emperor penguins and Weddell seals 351 
indicated that there were distinct patterns of prey switching linked to differences in sea ice 352 
cover among the three years of the field study.  It should be noted that we did not resolve 353 
differences in the compositon or abundances of prey among different sea ice conditions, nor 354 
did we resolve differences in the spatial foraging patterns of penguins or seals in the present 355 
analysis.  Nevertheless, coincident with changes in the prey field reflected in excreta we 356 
observed shifts in the concentration of Fe, a limiting nutrient for pelagic production in the 357 
system (Fitzwater and others 2000; McGillicuddy and others 2015; Schlosser and others 358 
2018), and nitrogen, primarily in the form of ammonia in the excreta deposited in the coastal 359 
zone by both penguins and seals.  These patterns have important implications for 360 
understanding the consequences of changes in sea ice dynamics wrought by warming in the 361 
Antarctic for biological nutrient vectors and ecosystem connectivity between the offshore 362 
pelagic and coastal zone. 363 
 In Adélie penguin excreta sampled over multiple years at the Cape Royds and the Cape 364 
Bird colonies we can see a distinct shift from high values of 15N, likely indicating a diet of 365 
Antarctic silverfish (Pleuragramma antarcticum) and other small ice fishes to lower values 366 
indicating a shift to feeding on euphausiids (primarily Euphausia superba and Euphausia 367 
crystallorophias) or other grazing zooplankton (Ainley and others 2003).  Prey switching 368 
between these two primary groups has been commonly observed in Adélie penguins, both in 369 
response to environmental changes (Cherel 2008; Lyver and others 2011; Dugger and others 370 
2014), changes in food web dynamics linked to interspecific competition for prey (Ainley 371 
and others 2006, 2015) and long term shifts in ecosystem structure associated with the 372 
decline in baleen whales (Emslie and Patterson 2007; Lorenzini and others 2014; Emslie and 373 
others 2018).  Coincident with the switch from a diet primarily made up of small fishes to 374 
one made up of euphausiids, and likely other members of the pelagic zooplankton community 375 
 16 
(Jarman and others 2013), we observed a marked increase in the concentrations of 376 
biologically labile Fe and a decrease in the concentrations of nitrogen in the penguin excreta.  377 
The observed association between diet composition and iron content is consistent with 378 
observations that euphausiids are an important node for the Fe cycle in the Antarctic (Tovar-379 
Sanchez and others 2007; Nicol and others 2010; Ratnarajah and others 2016) owing to 380 
seabed foraging (Schmidt and others 2011) and dietary uptake of lithogenic iron through 381 
specialised gut physiology (Schmidt and others 2016). 382 
Adélie penguins are abundant in the western Ross Sea with 855,625 breeding pairs at the 383 
time of our study (Lyver and others 2014) and they accumulate extensive nutrient-rich guano 384 
stores at major breeding colonies that can persist for centuries (Emslie and others 2018).  The 385 
ornithogenic soils that they form are the only significant sources for organic matter into soils 386 
in the Antarctic, and through delivery of dust and leachate as the guano thaws they can be a 387 
major source of nutrients to shallow water marine communities immediately adjacent to large 388 
colonies.  Accumulation of trace metals, including As, Cd, in sea bird colonies can result in 389 
extraordinarily high levels of these bioactive elements.  For example, in the Arctic 390 
accumulation of As, Cd and Zn around fulmar colonies result in soils that exceed the 391 
Canadian standards for safe levels of trace metals in soil (Brimble and others 2009).  392 
Similarily, in the present study we found levels of Cu, As and Cu that exceeded those levels 393 
in ornithogenic soils within the Adélie penguin colony at Cape Bird.  These elements can, in 394 
some cases, be very important for supression of growth in some phytoplankton species, and 395 
likely influence the bacterial community structure within soil communities around colonies as 396 
well as microbial production in the coastal zone (Shatova and others 2017).  Leachate, 397 
produced as the permafrost within penguin colonies melts, and dust from thawing 398 
ornithogenic soils contains a high concentration of limiting nutrients, principally Fe and may 399 
become an important contributor to coastal productivety under a warming Antarctic.  Adélie 400 
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penguin guano has been demonstrated to increase the productivity and influence the species 401 
composition of phytoplankton communities, enhancing abundance of those species with 402 
larger cell sizes, within the Ross Sea (Shatova and others 2016, 2017), both factors that are 403 
important determinants of the flux of organic matter through coastal food webs. 404 
Unlike Adélie penguins which nest on land, emperor penguins and Weddell seals forage 405 
throughout the Ross Sea during winter months and breed on sea ice (Burns and Kooyman 406 
2001), relying on a diverse community of deep pelagic and benthic prey (Cherel 2008; Daneri 407 
and others 2018).  Emperor penguins in particular are subject to strong forcing from 408 
environmental change (Barbraud and Weimerskirch 2001), with colony sizes, location and 409 
foraging behaviour strongly linked to sea ice dynamics (Kooyman and Ponganis 2017).  At 410 
the time of our study there were approximately 79,253 adult emperor penguins at breeding 411 
colonies in the western Ross Sea (Kooyman and Ponganis 2017).  In the present study we 412 
observed a distinct decline in 15N of the excreta of emperor penguins with time as more 413 
open water sea ice conditions predominated in 2014.  The observed shift is consistent with a 414 
diet more rich in euphausiids, and coherent with the temporal pattern in 15N observed in the 415 
excreta of Adélie penguins. We observed a five fold increase in concentrations of Fe in the 416 
excreta of emperor penguins between the persistently high sea ice conditions at the time of 417 
sampling in 2012 and the more open water conditions at the time of sampling in 2014.  Along 418 
with the increases in iron concentrations we observed a decrease in the molar ratio of Fe:Al, 419 
indicating a more direct flux of lithogenic Fe into the food web (Wing and others 2017b).  420 
These patterns are consistent with observations of the uptake of lithogenic Fe from sediments 421 
by Antarctic euphausiids (Euphausia superba) and the central role that euphausiids play in 422 
the iron cycle in the Antarctic ocean (Schmidt and others 2016; Schlosser and others 2018).  423 
Shifts in diet to euphausiid dominated prey, and an associated community of low trophic 424 
level zooplankton and amphipods such as Paramoera walkeri can also be associated with 425 
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increased iron concentrations brought about by increases in fluxes of organic matter from ice 426 
algae into the food web (Palmer and others 2006; Goutte and others 2014).  Together these 427 
patterns indicated that prey switching from a higher trophic level fish-based diet to one made 428 
up primarily of low trophic level zooplankton dominated by the euphausiids E. superba and 429 
E. crystallorophias resulted in an increase in the biologically bound iron channel in the food 430 
web and enhanced flow of biologically labile iron to the coastal zone around penguin 431 
colonies.   432 
Iron is a limiting nutrient for Antarctic pelagic primary production, along with cofactors 433 
Co, Ni and Zn, and is found at extremely low concentrations in the Antarctic circumpolar 434 
system (Fitzwater and others 2000).  Bioaccumulation of Fe within food webs leading to 435 
birds and marine mammals can result in high concentrations of biologically available iron in 436 
the excreta of these animals and thus highlights their potential role as biological nutrient 437 
vectors (Wing and others 2014, 2017a).  In the present study we observed concentrations of 438 
Fe that were 6 to 8 orders of magnitude higher than those recorded in the Antarctic mixed 439 
layer (Fitzwater and others 2000; Schlosser and others 2018).  Release of nutrients from 440 
accumulated stores of guano at large penguin colonies under a warming Antarctic may result 441 
in large changes in the nutrient dynamics of coastal food webs in the vicinity of penguin 442 
colonies.  Further, melting of permafrost comprised of orithogenic soils in these regions may 443 
increase the supply of biologically available iron-rich dust into the coastal zone.  Combined 444 
with changes in nutrient fluxes wrought by prey switching and modification of channels of 445 
iron and other bioactive metals delivered by biological nutrient vectors from offshore pelagic 446 
to coastal zone food webs, the consequences of shifts in sea ice dynamics could have 447 
important indirect consequences for Antarctic ecosystem function. 448 
Weddell seals are a sea ice specialist, relying on sea ice cover as a refuge from predation 449 
and feeding extensively, to depths over 500 m, on fish that they access under the ice (Burns 450 
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and others 1998; Burns and Kooyman 2001; Daneri and others 2018; Brault and others 2019).  451 
In 2009 there were approximately 340 Weddell seals using haulouts in the Erebus Bay region 452 
of our study, but population size for the wider western Ross Sea remained unresolved (LaRue 453 
and others 2011).  Observations of Weddell seals feeding on Antarctic toothfish (Dissostichus 454 
mawsoni) (Plate 1.), have been made extensively throughout the range of both species (Kim 455 
and others 2005; Ponganis and Stockard 2007; Ainley and Siniff 2009).  Weddell seals also 456 
feed on a wide range of lower trophic level fishes including benthic species such as 457 
Trematomus bernachii, cryopelagic species such as Pagothenia borchgrevinki and Antarcic’s 458 
only truely pelagic species Pleuragramma antarcticum (Daneri and others 2018; Brault and 459 
others 2019).  The distinct differences in trophic position and incorporation of organic matter 460 
from sea ice algae in the food webs supporting these fish guilds provided an opportunity to 461 
distinguish diet from seal scat using isotopic information (Burns and others 1998; Cherel and 462 
others 2011; McMullin and others 2017b).  The use of isotopic information has a distinct 463 
advantage for resolving the proportion of Weddell seal diet comprised of toothfish (D. 464 
mawsoni) since the seals do not ingest hard parts of this species, and molecular techniques 465 
can only detect incidence (Ainley and Siniff 2009).  In the present study we observed strong 466 
evidence for extensive feeding by Weddell seals on Antarctic toothfish, both visually and 467 
through isotopic analysis of seal scat.  Using a mass balance model based on 15N, which 468 
clearly differientates Antarctic toothfish at high trophic levels from smaller cryopelagic and 469 
pelagic fishes (e.g. Pagothenia borchgrevinki and Pleuragramma antarcticum) as well as the 470 
smaller benthic fish group (e.g. Trematomus bernachii and T. pennellii) we estimated that 471 
toothfish can make up between 25 to 90 % of the diet represented by individual scat.  The 472 
pattern we observed was strongly coupled with sea ice conditions with markedly fewer 473 
toothfish in the diet observed during years with more open sea ice conditions.  This pattern 474 
was likely a result of some reduction in the access of Weddell seals to deep water (400 m and 475 
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deeper) habitats, where toothfish are more common, with retreat of sea ice.  The 476 
consequences in terms of nutrient channels and the role of Weddell seals as biological 477 
nutrient vectors are dramatic.  We observed a three order of magnitude increase in 478 
biologically available iron concentrations in the scat of Weddell seals during more extensive 479 
sea ice cover (2012, 2013) and at locations where the seals were primarily feeding on 480 
toothfish.  This pattern was coupled with a large decline in both the percentage of nitrogen in 481 
scat and the Fe:Al molar ratio.  The former has important implications for changes in the role 482 
of Weddell seals as biological vectors of nitrogen between the pelagic and deep benthic 483 
habitats and the shallow coastal zone.  The later indicates a large change in the fluxes and 484 
pathways for biologically bound Fe in the system coupled with changes in prey.  An 485 
interesting note is that the pattern in concentration of Fe is converse to those observed in 486 
penguin excreta, indicating different mechanisms for modulation of biological nutrient 487 
vectors in the system with the local effects of sea ice change on foraging patterns. Also of 488 
note is that the patterns that we observe are likely most strongly linked to changes in foraging 489 
activity, rather than the more long-term effects of sea ice conditions on population dynamics 490 
of predators or prey (e.g. Kooyman and Ponganis 2017).  The later will likely affect 491 
populations of penguins and seals in the system in ways that we cannot yet predict. 492 
Nevertheless, strong links between regional sea ice cover and abundance of Antarctic krill 493 
have been widely observed (e.g. Flores and others 2012). Observations of large increases in 494 
the Fe:Al ratio in Weddell seal scat during 2014 when open water conditions predominated 495 
indicated that the Fe being incorporated in seal scat in 2014 came from highly recycled 496 
sources, likely linked to strongly iron-limited pelagic food webs and prey such as the 497 
Antarctic silverfish (P. antarcticum) (Wing and others 2017b).  The observed patterns 498 
indicated that influences of sea ice extent on foraging behaviour by Weddell seals had 499 
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indirect consequences for both the magnitude and pathway for biologically available iron 500 
delivered to the coastal zone by biological nutrient vectors.   501 
The present study provides evidence that is consistent with strong influences of sea ice 502 
dynamics on the fluxes and sources of nutrients transported by biological nutrient vectors, 503 
Adélie penguins, emperor penguins and Weddell seals, which each comprise abundant 504 
populations in the Antarctic marine ecosystem.  Biological nutrient vectors can be an 505 
important component of the horizontal (Koshino and others 2013; Doughty and others 2015; 506 
Subalusky and others 2015) and vertical transport (Lavery and others 2010; Roman and 507 
McCarthy 2010; Arkhipkin 2013) of limiting nutrients in ecological systems.  In this context 508 
ecosystem connectivity augmented by biologically mediated spatial flows of material are a 509 
critical component of ecosystem function (Polis and others 1997; Loreau and Holt 2004).  510 
The present study provides evidence for extensive bioaccumulation of Fe and other co-factors 511 
(Co, Ni, Mn, Zn) in food webs supporting Adélie penguins, emperor penguins, Weddell seals 512 
and the south polar skua.  Channels for these bioactive elements into extensive stockpiles of 513 
guano at penguin rookeries result in high concentrations of iron and other trace metals in 514 
ornithogenic soils.  The consequences of release of these stockpiles from thaw of permafrost 515 
and leachate from the colonies would directly influence nutrient dynamics of the coastal zone 516 
in the vicinity of the colonies and more broadly by the production of dust.  Further, shifts in 517 
the foraging behaviour and prey switching by penguins and seals in this system have direct 518 
consequences for both the sources and magnitudes of limiting nutrients being transported to 519 
the coastal zone via biological nutrient vectors.  Large animals are an important component 520 
of the nutrient dynamics, biogeochemical cycling and therefore ecosystem connectivity and 521 
function in the Antarctic marine ecosystem.  Observations from the present study of the 522 
important role of changes in sea ice dynamics in modifying both the sources and magnitude 523 
of the delivery of N,  Fe and other limiting co-factors (Co, Ni, Zn) to the coastal zone by 524 
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penguins and seals highlights the strong coupling between ecosystem function and the 525 
accelerating effects of climate change in the Antarctic.  In the polar regions of the world 526 
where sea ice conditions are changing rapidly shifts in predator-mediated transfer of limiting 527 
nutrients will likely result in changes in important material fluxes across landscapes that are 528 
vital for functioning, connected ecosystems. 529 
 530 
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Table 1: Average 13C and 15N among studies of common organisms in the Ross Sea and 810 
eastern Antarctic. Citations: 1(Wing and others 2012), 2(Wing and others 2018), 3(Giraldo and 811 
others 2011), 4(Pinkerton and others 2013), 5(Wada and others 1987), 5(Rau and others 1991), 812 
6(Kennedy and others 2002), 7(Gillies and others 2012), 8, 9(Kokubun and others 2015), 10(Cherel 813 
2008), 11(Emslie and Patterson 2007), 12(Tierney and others 2008), 13(Cherel and Hobson 2007), 814 
14(Burns and others 1998), 15(Goetz and others 2017), 16(Goutte and others 2015), 17(McMullin and 815 
others 2017b), 18(Cherel and others 2011), 19(Jo and others 2013), 20(Vacchi and others 2017), 816 
21(Ainley and Siniff 2009), 22(Brault and others 2019), 23(Zhao and others 2004). Sample sizes are 817 
pooled among studies. SE are stratified among studies. 818 
 819 
Species 15N SE 15N (n)  13C SE  13 n (type) citations 
SIMCO 1.53 0.27  -19.82 0.29 
61 (filters) 1,2 
POM pelagic 1.84 0.62 -27.74 0.81 
38 (filters) 2-7 
Euphausia superba 4.48 0.35 -27.21 0.68 78(whole) 8-11,4 
Euphausia crystallorophias 6.03 0.22 -26.10 0.16 258(whole) 1,3,4,10 
Paramoera walkeri 6.27 0.44 -21.70 1.35 10(whole) 1 
Adélie penguin 8.57 2.17 -26.01 0.64 
143(blood) 
10,12,13 
Pagothenia borchgrevinki 10.42 0.58 -25.22 0.85 
50(muscle) 
1,14-17 
Trematomus newnesi 10.44 0.18 -24.70 0.32 
38(muscle) 
15,16,18 
Pleuragramma antarcticum 10.57 0.51 -25.50 0.80 
369(muscle) 
3,4,10, 14-16,18-20 
Trematomus pennellii 11.41 0.70 -21.96 0.98 
51(muscle) 
1,15-18 
Trematomus bernacchii 11.58 0.53 -21.69 0.98 
102(muscle) 
1,11,14-18 
Emperor penguin 12.27 0.37 -24.45 0.25 
19(blood) 
10,13 
Weddell Seal 12.79 0.38 -24.96 0.36 
245(blood) 
14,15,21-23 






Table 2: Trace metal concentrations mg kg-1 (± SE) in excreta of large vertebrates in 822 
McMurdo Sound. 823 
Species Mn Fe Co Ni Cu Zn n 
Adélie Penguin 21.8(2.4) 804.1(153.9) 0.38(0.06) 3.1(0.3) 69.1(2.9) 281.9(15.9) 110 
South polar skua 43.09(12.1) 3928.4(781.5) 1.43(0.33) 4.98(1.8) 32.2(15.1) 111.7(82.8) 4 
Emperor penguin 22.70(5.5) 832.6(356.5) 0.30(0.15) 1.76(0.9) 31.5(6.9) 266.8(37.8) 18 
Weddell seal 28.7(2.3) 950.8(148.9) 0.73(0.06) 3.56(0.4) 17.2(2.8) 270.7(15.7) 116 
 824 
Table 3:  Bioactive trace metals in orthithogenic soils at Cape Bird 825 
Element mg kg-1 SE 
Mn 562.7 20.2 
Fe 21953.8 827.3 
Co 11.3 0.4 
Ni 31.1 1.2 
Cu 51.3 6.6 











FIGURE LEGENDS 835 
Plate 1: A Weddell seal (Leptonychotes weddellii ) feeding on a freshly caught Antarctic 836 
toothfish (Dissostichus mawsoni) near Scott Base, Antarctica (77.8477° S, 166.7602° E) 837 
(photo S Genovese). 838 
 839 
Figure 1: Average values of 13C and 15N (±SE) from literature for fish, invertebrates and 840 
basal organic matter sources (closed circles) and large predators (open circles) in the Ross 841 
Sea food web (Table 1).  Vertical line represents fraction of 13C and 15N among trophic 842 
levels based on 13C and 15N from (McCutchan and others 2003). Ellipses group prey 843 
species that are isotopically indistinguishable. 844 
 845 
Figure 2: Bioactive trace metal concentrations (mg kg-1, ±SE) a) Fe and Co b) Mn and Ni and 846 
c) Zn and Cu in the excreta of Adélie and emperor penguins, Weddell seal and south polar 847 
skua (Table 2).  Levels not connected by the same letter are significantly different, italics 848 
refer to separate test.  Dark grey bars correspond to concentrations of elements on the left and 849 
light grey bars to concentrations of elements on the right. 850 
 851 
Figure 3: MODIS satellite images from Oct 28th of a) 2012, b) 2013 and Oct 27th in c) 2014 852 
showing extent of solid and floating sea ice in the study region during our collections.  853 
Images were thresholded so that open water appears white and sea ice appears black. 854 
 855 
Figure 4: Average values (±1SE) of a) 15N and b) 13C  in Adélie penguin guano collected at 856 
Cape Bird (CB) and at Cape Royds (CR) under extensive sea ice cover during 2012 (High 857 
SI), intermediate sea ice cover during 2013 (Med SI) and low sea ice cover during 2014 (Low 858 
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SI). Levels not connected by the same letter are significantly different for a) effect of sea ice 859 
cover, and b) the interaction of sea ice cover and site. Error bars represent ± 1 SE. 860 
 861 
Figure 5: a) Estimates of % krill from mass balance model, b) concentration of Fe (mg kg-1) 862 
and c) % nitrogen in Adélie penguin guano collected at Cape Bird (CB) and at Cape Royds 863 
(CR) under extensive sea ice cover during 2012 (High SI), intermediate sea ice cover during 864 
2013 (Med SI) and low sea ice cover during 2014 (Low SI). Levels not connected by the 865 
same letter are significantly different for the effect of sea ice cover.  Error bars represent ± 1 866 
SE.  867 
 868 
Figure 6:  a) Estimates of % krill from mass balance model, b) concentration of Fe (mg kg-1) 869 
and c) molar ratio of Fe:Al in emperor penguin guano collected in the vicinity of Cape Royds 870 
under extensive sea ice cover during 2012 (High SI), intermediate sea ice cover during 2013 871 
(Med SI) and low sea ice cover during 2014 (Low SI).  Levels not connected by the same 872 
letter are significantly different. Error bars represent ± 1 SE. 873 
 874 
Figure 7: Average values (±1 SE) of a) 15N, b) 13C and c) molar ratio of Fe:Al in Weddell 875 
seal scat collected at Cape Royds (CR) and the Scott Base (SB) pressure ridges under 876 
extensive sea ice cover during 2012 (High SI), intermediate sea ice cover during 2013 (Med 877 
SI) and low sea ice cover during 2014 (Low SI). Levels not connected by the same letter are 878 
significantly different for a,b) effects of sea ice cover, and c) the interaction of sea ice cover 879 
and site. Error bars represent ± 1 SE. 880 
 881 
Figure 8: a) Estimates of % toothfish from mass balance model, b) % nitrogen c) 882 
concentration of Fe (mg kg-1) in Weddell seal scat collected at Cape Royds (CR) and the 883 
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Scott Base (SB) pressure ridges under extensive sea ice cover during 2012 (High SI), 884 
intermediate sea ice cover during 2013 (Med SI) and low sea ice cover during 2014 (Low SI). 885 
Levels not connected by the same letter are significantly different for effects of sea ice cover.  886 
Error bars represent ± 1 SE. 887 
 888 
Figure 9:  Concentrations of macronutrients (NH4, PO4, NOx) and Fe (mg L-1) in liquid 889 
leachate collected from the Cape Bird Adélie penguin colony in Oct 2014 (grey bars).  890 
Estimates of carbon fixation that would be supported by nutrients in leachate based on 891 


























































































































Figure 9 1000 
